The magnetization reversal of each individual layer in magnetic trilayers (Permalloy/NdCo/GdCo) has been investigated in detail with X-ray microscopy and micromagnetic calculations. Two sequential inversion mechanisms have been identified. Firstly, pairs of magnetic vortex-antivortex move along the field direction while inverting the magnetization of magnetic stripes until they are pinned by defects. The vortex-antivortex displacements are reversible within a field interval which allows their controlled motion.
Introduction
3D magnetic textures nucleate in magnetic materials as a result of the competition of anisotropy, exchange and magnetostatic interactions. Skyrmions and helical domains occur in bulk materials with chiral exchange interactions [1, 2] and also in films and nanostructures where their configuration can be tailored by confinement effects [3] [4] [5] . Non collinear textures can also be stabilized by dipolar interactions in weak perpendicular magnetic anisotropy (wPMA) materials (e.g. dipolar skyrmions in Gd/Fe [6] and dipolar merons in NdCo layers [7] ) or by precessional dynamics [8] . Multilayered systems, combining materials with different exchange and anisotropy properties have been used to artificially imprint non collinear magnetic textures in soft magnetic layers (e.g. artificial skyrmions [9] , meron pairs [10] , vortex-antivortex pairs [11] ) and, also, to stabilize non trivial spin configurations across the thickness such as topologically protected twisted magnetic helices in Dy/Fe multilayers [12] .
In wPMA layers [13] , the equilibrium domain pattern consists of parallel up/down stripes separated by domain walls that change from Bloch (at central plane) to Neel (top/bottom surfaces) due to stray field minimization. During in-plane magnetization reversal, Bloch points (skyrmionic number Q=1), merons (Q=1/2) and magnetic vortex-antivortex pairs (Q=1) nucleate at different sample depths and propagate guided by stripe direction [7, 11, 14] . In multilayers of significant thickness, stray field circulation breaks the symmetry between top/bottom sample surfaces providing a topological separation of magnetic textures in each layer [6, 11] . In particular, magnetic vortex-antivortex nucleation is determined by topological characteristics (polarity, chirality and bifurcation geometry) [11, 14] resulting in a robust mechanism to control the propagation of vortices and antivortices at top/bottom sample surfaces. Applications of this effect into memory devices based on the concept of magnetic vortex racetracks [15] [16] [17] would require a broad enough field range in which vortex motion can be reversibly controlled by an applied magnetic field and is effectively guided by the stripe domain pattern. These issues require a detailed characterization of the field dependent domain configuration of wPMA multilayers when vortex-antivortex pairs are present in the system.
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A characteristic feature of such non-collinear spin systems is the presence of helical domains, stabilized by chiral magnetic interactions [1, 2, 18] . For thin films or in bulk materials close to sample surfaces, spin spirals can be modified by confinement effects and dipolar interactions that favor in-plane magnetization orientation [4, 5] . Then, the most stable structures are formed by the combination of helical and cycloidal domains (Figs. 1(a-b) ), as it has been recently proposed and observed in chiral magnets [4, 5, [19] [20] [21] [22] . In a simple helical domain structure, periodic along y, the magnetization rotates 2 rad in the M x -M z plane as sketched in Fig. 1(a) .
Close to an x-y sample surface, magnetostatic effects confine the 2magnetization rotation to the M x -M y plane, resulting in the cycloidal domain structure, also periodic along y, sketched in 4 Fig. 1(b) . On the contrary, weak stripe domain patterns, in the absence of chiral interactions, favor  rotations of the magnetization around the average M x component, either in the M x -M z plane (inside the film) or in the M x -M y plane (at top/bottom film surfaces). In the first case this results in Bloch walls ( Fig. 1(c) ) while in the second one in closure domains at the top and bottom surfaces ( Fig. 1(d) ).
In this work, we report on the observation, for the first time, of cycloidal domains in soft permalloy layers using element resolved Magnetic Transmission X-ray Microscopy (MTXM). These domains are linked to the guided propagation of magnetic vortices and antivortices within the stripe domain pattern of NiFe/NdCo/GdCo trilayers. The starting point is the remanent stripe domain configuration illustrated in Fig. 2 
Experimental
Magnetic Ni 80 Fe 20 /Nd 16 Co 84 /Gd 12 Co 88 trilayers were grown on 50 nm thick Si 3 N 4 membranes by dc magnetron sputtering as reported previously [14] and characterized by Vibrating Sample (VSM) magnetometry at room temperature. Parameters for each material in the trilayer were obtained from the magnetic characterization of single test layers [14] with a significant out-of-plane magnetization oscillation). The coercivity  0 H C  10 mT is very similar in both samples (see insets in Fig. 2(b-c) ), but the reversal process is broader for Element specific magnetic contrast images [7, 14] were acquired at the transmission microscope of the Mistral Beamline at Alba synchrotron [25, 26] by tuning circularly polarized X-rays to the appropriate atomic absorption energy of that element. MTXM images of the magnetization of the upper permalloy layer were acquired at the L 3 Fe absorption energy and of the bottom Gd 12 Co 88 at the M 5 Gd absorption energy [14] . At room temperature, due to the ferrimagnetic nature of this alloy for this relative Co to rare-earth concentration, Gd magnetic moment is antiparallel to the sample magnetization which has to be taken into account in the interpretation of magnetic contrast images [24] . The X-ray angle of incidence was set at =30 o from the film normal, in order to have sensitivity to M x and M z magnetization components while keeping good image qualities not hindered by the decreased transmitted X ray intensities at large angles [7] . The sample was first saturated with an in-plane field  0 H x =225 mT and imaged at remanence to establish the initial +M x magnetization state. Then, negative H x pulses of 20 µs duration and variable amplitude were applied in-situ to monitor the magnetization reversal. The samples were imaged at remanence after each field pulse until in-plane magnetization was fully reversed.
Micromagnetic simulations of magnetization reversal were performed with the finite difference code MuMax 3 [27] in order to compare with experimental MTXM images. The trilayers were discretized into cells of dimensions of 5×5×3 nm 3 for a total of 3.84×3.84 m oriented along x direction of period =175 nm. In this sample-X ray geometry [7] , image contrast depends on M x and M z and is not sensitive to M y : in the permalloy layer (see inset in left panel of Fig. 3 (a)), white stripes correspond to (+M x ,+M z ) domains and dark grey stripes to (+M x ,-M z ) domains as indicated by arrows; in the GdCo layer, due to the ferrimagnetic character of the alloy, dark grey bands correspond to (+M x ,+M z ) and light grey bands to (+M x ,-M z ) [14] . This corresponds to a remanent domain pattern similar to the sketch in Fig. 2 (a) with average in-plane magnetization orientation along +M x . In Fig. 3 (a), we can also observe some additional contrast levels indicating the presence of initial reversed domains (after the application of a field pulse of -22.5 mT) with a characteristic elongated shape: they typically consist of pair of reversed consecutive up/down stripes (see D1 in Fig. 3(a) ) starting at a bifurcation of the stripe pattern. These domains correspond to the nucleation of a meron texture at the bifurcation core (with Q = ½) and the propagation of Bloch points and vortex-antivortex pairs (with Q = 1) along the stripes direction [7, 11] . At  0 H x =-25 mT (Fig. 3(b) ), magnetization reversal has proceeded with the nucleation of new reversed domains and the propagation of existing ones: at the NiFe layer, reversed domains retain their elongated shape extending only over 1 or 2 stripe domain periods (average domain width is 1.2), however, at the GdCo layer, reversed domains have grown laterally (e.g. see D2) with average domain width 4.5. Finally, after a  0 H x =-32.5 mT pulse (Fig. 3(c) ), reversal is completed in the GdCo layer whereas the magnetic configuration of the NiFe layer is highly inhomogenous. Four contrast levels can be clearly observed in the NiFe panel of Fig. 3(c) : white, light gray, dark gray and black, corresponding to the four possible domain combinations:
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, respectively (see arrows in sketch) [14] .
In a stripe pattern with uniform M x sign (as the one sketched in Fig. 2 ), magnetic dichroic contrast oscillates in the up/down domains around a mean value given by the average M x component [7] . Thus, we can follow in plane magnetization reversal in more detail by plotting the average image contrast as a function of reversed field amplitude ( Fig. 3(d) ). For both NiFe and GdCo layers, magnetization reversal starts at a similar field around -22 mT, but reversal is much easier in the GdCo layer (it is completed in  0 H  5 mT) than in the NiFe layer ( 0 H  25 mT) indicating that expansion of reversed domains is more difficult in the NiFe layer. close to the coercivity (see Fig. 4(d) ). At the initial stages of magnetization reversal in this NiFe layer ( 0 H x  -25 mT, Fig. 4(a) ), linear reversed domains are observed that expand along the stripe direction, as in the previous sample. Domain configuration at the plateau (-40 mT <  0 H x < -28 mT) is characterized by the intermixing of stripes with opposite M x orientation (Fig. 4(b) ).
Finally, -M x domains extending over several stripe domain periods appear in the image for  0 H x < -40 mT (Fig. 4(c) ). NiFe layer reversal is completed at  0 H x  -60 mT. Figure 5 shows a detail of domain propagation at the onset of magnetization reversal in the bottom GdCo layer of F30N40G40, driven by a sequence of positive/negative field pulses. At the initial state (Fig. 5(a) ), we can see the boundary between a -M x domain (lower part of the image) and a +M x domain (upper part of the image) that runs along a dark grey (-M x ,+M z )/black (+M x ,+M z ) stripe (see dotted line in Fig. 5(a) ). It has been recently shown [11] that, due to geometrical restrictions by stray field circulation and the periodicity of the stripe pattern, the magnetic texture that separates the dark grey (-M x ,+M z ) and the black (+M x ,+M z ) stripe portions at the bottom sample surface consists of a magnetic vortex with +M z polarity as inferred from micromagnetic simulations (see inset of Fig. 5(a) ).
Reversible domain expansion at the onset of magnetization reversal
In the experiment depicted in Fig. 5 , we observe the propagation of this magnetic vortex along the +M z stripe (dashed vertical lines in Fig. 5(a) ), using as a reference the position of Y 1 , the black bifurcation at the left of each panel (vertical solid line in Fig. 5(a) ). Also, in Fig 5a, In our previous works [11, 14] , bifurcations within the stripe pattern were identified as nucleation sites for reversed M x domains that expanded away from the bifurcation by the propagation of vortices and antivortices along the stripes direction. This mechanism gives rise to elongated domains of width  similar to D1 in Fig. 3(a) . Now, the experiment described in Fig. 5 , evidences an additional role of bifurcations as pinning sites: as a vortex and/or antivortex reaches a stripe endpoint, further expansion of the reversed domain is hindered. Thus, additional mechanisms must come into play to complete the magnetization reversal of the sample.
Closure and cycloidal domains at coercivity
As the magnetization reversal process proceeds within the NiFe and GdCo layers, four types of in-plane domains can be identified by comparing experimental MTXM Fe edge images (Fig. 6(a) ) with simulated contrast images derived from micromagnetic simulations (Fig. 6(b) ) using the formalism described in ref. [11] . These four domain types are: i) initial +M x domains characterized by alternating (+M x ,+M z ) and (+M x ,-M z ) stripes, i.e. alternating white/dark gray bands; ii) partially reversed domains with alternating (+M x ,-M z ) and (-M x ,+M z ) stripes, i.e. alternating dark gray/light gray bands; iii) partially reversed domains with alternating (+M x ,+M z ) and (-M x ,-M z ) stripes, i.e. alternating white/black bands; iv) fully reversed -M x domains with alternating (-M x ,+M z ) and (-M x ,-M z ) stripes, i.e. alternating light gray/black bands. Figure 6 (a-c) displays from top to bottom these fourth domain types. The local sense of M y in between stripes is not directly accessible experimentally at the measurement configuration 
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(only sensitive to M x and M z components). However, it can be uniquely determined by the sense of circulation of stray field at the top sample surface (coming out of the sample at +M z stripes and entering it at -M z stripes). This allows us to draw the M x -M y sketches for each domain type, shown in Fig. 6(c) , which are confirmed by micromagnetic simulations. Thus, partially reversed domains ii) and iii) are identified as cycloidal domains with opposite rotation senses.
The fraction of each domain type along the magnetization reversal process is shown in Figs. 6(d-e) for the NiFe and GdCo layers. At the onset of reversal, the sample is covered by +M x domains, that disappear gradually along the reversal process, with a field dependence very similar to the average intensity in each layer (see solid lines in Figs. 6(d-e) ). Fully reversed -M x domains follow the opposite trend, appearing at the onset of magnetization reversal and covering the sample at saturation at both top and bottom layers. However, the prevalence of cycloidal domains is very different at NiFe and GdCo. In the NiFe case a significant fraction of cycloidal domains appears (covering up to 30% of the sample) with a wide stability range from -22 mT down to -70 mT. At the GdCo layer, the fraction of cycloidal domains barely reaches a 5%, localized mainly at the boundary between +M x and -M x domains. Thus, the stability of cycloidal domains at the soft NiFe layer appears as the direct cause of the slower reversal process in this layer, making it a suitable material for the controlled propagation of vortexantivortex pairs in a broad enough field interval.
The stability of cycloidal domains in NiFe and GdCo is related with topological restrictions in the stripe pattern of the central NdCo layer, imprinted by exchange and magnetostatic interactions at the top/bottom layers. Then, it is interesting to note that the best stability range (broadest plateau in the magnetization reversal process) is found for the NiFe layer of F30N40G40 (i.e. the thinnest layer with smallest in-plane anisotropy), as observed both in the macroscopic hysteresis loops (Fig. 2 ) and in MTXM loops (Figs. 3 and 4 ). This could be related with the large exchange contribution of cycloidal domains (with 2 magnetization rotations on a small length scale), that scales with NiFe layer thickness favoring their observation in thin 14 magnetic layers. In a similar way, the higher in-plane anisotropy of GdCo would increase the anisotropy contribution in a cycloidal domain configuration, reducing their stability and the effective field range for controlled propagation of vortex-antivortex pairs. As the negative field increases, vortices and antivortices propagate guided by the stripes direction until they are stopped by stripe endpoints (as shown in Fig. 7(b3) ). At the simulated sample, the number of bifurcations is relatively small (between 4 and 6), so that a stable magnetization configuration with all vortices pinned at stripe endpoints is easily reached both for the NiFe and GdCo layers. It results in a magnetization plateau just below coercivity that extends over a  0 H = 6 mT interval at GdCo and over  0 H = 14 mT at NiFe layer.
Micromagnetic simulations
Finally, a steep decrease of M x is observed starting at -20 mT for GdCo and at -28 mT at NiFe layer. It corresponds to the activation of an additional magnetization reversal mechanism by the propagation of a domain wall in the x-z plane along the y direction, i.e.
perpendicular to the direction of the stripes (see Figs. 7(b4-b5) ), indicating that vortexantivortex propagation has ceased to be confined along the stripes. At this point of the hysteresis loop, the sample surface is fully covered by -M x domains. The remaining part of the reversal process corresponds to the approach to -M x saturation as the amplitude of the M z oscillation in the stripe pattern is reduced for large negative H x fields. 
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Spin rotations in the simulated closure domain patterns can be seen in more detail in Fig. 8 . +M x closure domains (circles in Fig. 8(a) and sketch of Fig. 8(b) combine an in-plane (M x -M y )  rotation correlated with a M z oscillation of reduced amplitude ±0.5M S , so that the magnetization is always constrained to the +M x hemisphere. The configuration of -M x closure domains is equivalent but with magnetization in the -M x hemisphere (squares in Fig. 8(a) and sketch of Fig.   8(d) ). Partially reversed domains are a combination of an in-plane cycloid (2 rotation in the M x -M y plane rotation) with a correlated M z oscillation (triangles in Fig. 8(a) and sketch of Fig.   8(c) ). Two possible rotation senses can appear depending on the relative phase between the inplane and out-of-plane spin rotations, as observed experimentally. The comparison between micromagnetic simulations and the experimental MTXM images shows that the observation of partially reversed cycloidal domains requires two basic ingredients: 1) Effective vortex/antivortex guiding along the stripe domain pattern, i.e. that the propagation of domain walls transverse to the stripes is delayed to high enough magnetic fields.
2) The dissociation of vortex-antivortex pairs as they propagate along the stripe pattern. This can occur by interaction with stripe bifurcations (as seen in Fig. 7(b2) ) or other defects present Thus the observation of cycloidal domains in the experimental MTXM images can be used to characterize the field range where vortices and antivortices are effectively guided by the stripe pattern, which is of the order of tens of mT for the NiFe layer. This is an interesting result since the existence of a broad enough field interval of effective vortex guiding is essential for possible applications of the deterministic propagation of vortex-antivortex pairs found in ref.
[11].
Conclusions
In 
